Tocotrienols, which are Vitamin E isoforms, are known to inhibit the growth of human breast cancer cells due partly to apoptosis. However, the characterization of tocotrienol-induced apoptosis is incomplete, particularly what happens during the initiation phase that precedes execution of the cells. The objective of this study was to clarify the apoptotic effects of tocotrienols, with especial emphasis in determining if the mitochondria-mediated death pathway is activated when human breast cancer cells are incubated with a specific tocotrienol isomer. During incubation with γ-tocotrienol, MDA-MB-231 human breast cancer cells showed membrane blebbing, and apoptotic bodies were present. Upon 4',6-diamidino-2-phenylindole staining of the cells, chromatin condensation and fragmentation were observed. Additionally, the annexin V-binding assay detected the translocation of membrane phospholipid during earlier analysis of the cells. Taken together, these results further establish that γ-tocotrienol can induce apoptosis in human breast cancer cells. To help elucidate how γ-tocotrienol induced the apoptosis, some important parameters related to the mitochondria-mediated death pathway were examined next. In γ-tocotrienol-treated cells, the mitochondria were disrupted. Collapse of the mitochondrial membrane potential was detected, and cytochrome c was released later from mitochondria. However, expression of Bax and Bcl-2 (mRNA and protein) did not change. Furthermore, poly-(ADP-ribose)-polymerase cleavage was not detected, suggesting that caspases were not involved in the γ-tocotrienol-induced apoptosis. These results imply that cytochrome c is not the critical protein released from mitochondria that triggers γ-tocotrienol-induced apoptosis in MDA-MB-231 cells.
INTRODUCTION
Tocotrienols are isoforms of Vitamin E and found abundantly in foods, such as palm oil and rice bran oil [1] . Like the related tocopherols, tocotrienols have substantial antioxidant activity [1, 2] that may explain some, but not all, of their biological effects. Tocotrienols are thought to have health-promoting properties, including the capability to prevent cancer [3] .
A few cellular studies have been conducted in characterizing the ability of tocotrienols to inhibit cancer cell proliferation. Tocotrienols inhibited the proliferation of human breast cancer cells [4] and did so irrespective of estrogen receptor status [5, 6] . In these studies, the mechanism was not determined. It was unclear whether cell cycle arrest and/or cell death occurred. Later, however, it was reported that tocotrienols can induce apoptosis in human breast cancer cells [7] , although the apoptotic events were not fully characterized. Interestingly, two studies [4, 7] that compared the effects of tocopherols and tocotrienols on human breast cancer cells showed that tocotrienols inhibited cell growth [4] and induced some signs of apoptosis [7] , whereas α-tocopherol had no such effects. Hence, because the α-tocopherol was unable to induce apoptosis, the tocotrienols apparently killed the human breast cancer cells without relying on their antioxidant activity.
Presently, the death signaling events that are initiated as a result of incubating human breast cancer cells with tocotrienols are unknown. However, based on what is already generally known about apoptosis [8, 9] , it is possible that the caspases (aspartate-specific cysteine proteases) are activated as a pivotal event to execute the cells [10] . The main executioner is caspase-3, which either degrades or activates numerous important cellular proteins. For example, some substrates of caspase-3 include transcription factors, such as STAT1 [11] , NF-κB [12] , and SREBP [13] , that are degraded upon enzyme catalysis. Activated caspase-3 also catalyzes the degradation of poly(ADP-ribose)-polymerase (PARP) [14] that is involved in DNA repair, Bcl-2 [15] that is a cell survival protein, Rb protein [16] that functions in cell cycle checkpoint regulation, and p21 [17] that promotes cell cycle arrest by inhibiting cyclin-dependent kinases. On the other hand, caspase-3 can activate a DNA-fragmenting endonuclease by degrading an inhibitory subunit of caspase-3 known as ICAD/DFF 45 [18] . There are two major apoptotic models or death signaling pathways that lead to the activation of caspase-3, namely, the cell surface death receptor pathway [9, 10] and the mitochondria-mediated death pathway [8, 10] . As such, it is conceivable that one of these pathways is involved in the induction of apoptosis when human breast cancer cells are incubated with tocotrienols.
In this study, we further characterized the apoptotic events induced by γ-tocotrienol and subsequently focused on the mitochondria-mediated death pathway to help clarify the cellular events leading to the execution phase of apoptosis. We examined some major steps that are associated with the mitochondria-mediated death pathway, such as reduction and collapse of mitochondrial membrane potential (MMP), release of cytochrome c, caspasemediated proteolytic cleavage of PARP, and changes in Bax and Bcl-2 gene expression.
MATERIALS AND METHODS

Materials
MDA-MB-231 human breast cancer cells were obtained from ATCC. The γ-tocotrienol was a kind gift from Dr. Andreas Papas of Eastman Kodak. Cytochrome c protein standard was obtained from Sigma Chemical Co. Mouse anti-cytochrome c monoclonal antibody was purchased from BD Pharmingen. PARP protein standard was obtained from Biomol Research Laboratories Inc. Rabbit anti-PARP polyclonal antibody was purchased from Roche-Boehringer Mannheim. Rabbit anti-human Bax polyclonal antibody and rabbit anti-human Bcl-2 polyclonal antibody were purchased from Santa Cruz Biotechnology Inc. Monoclonal anti-β-actin clone AC-15 (mouse IgG1 isotype) was purchased from Sigma. Annexin V-Alexa 488 was purchased from Molecular Probes Inc. The DePsipher TM Kit for detecting changes in MMP was purchased from Trevigen Inc. The Bax-α (human) gene-specific relative RT-PCR kit, QuantumRNA TM Classic 18S rRNA internal standard, and QuantumRNA TM β-actin internal standard were all obtained from Ambion Inc. Human Bcl-2 RT-PCR primer set was obtained from Continental Laboratory Products (CLP) Inc.
Cell culture
MDA-MB-231 human breast cancer cells were grown in Leibovitz's L-15 media supplemented with 10% FBS, 1% penicillin/streptomycin (10,000 U/mL penicillin and 10 mg/mL streptomycin), and 0.2% fungizone (0.54 μM/ L). The cells were cultured at 37° in a humidified incubator (100% air). The cells were subcultured every 4 days at a ratio of 1:20, and cell culture medium was renewed two to three times a week. For the experiments, the cells were incubated with γ-tocotrienol dissolved in DMSO (final concentration of DMSO in culture medium-0.1%) or with DMSO alone in the case of control cells, with more exact details given below.
Assessment of cell viability
MDA-MB-231 cells were seeded in 6-well microplates and grown until the confluency reached 70-80%. Then, the cells were incubated with 0-50 μg/mL γ-tocotrienol for 0-96 hr. After the cells were exposed to 0.4% (w/v) trypan blue dye solution, the number of the cells not stained with trypan blue was counted as viable cells. The number of viable cells was expressed as a percentage of the total number of cells that were examined.
Detection of membrane phospholipid translocation
MDA-MB-231 cells (2.5 x 10 4 cells/mL) were seeded in 6-well microplates and allowed to proliferate until the confluency reached 70-80%. After the cells were incubated with 0 or 25 μg/mL γ-tocotrienol for 4 hr, the media were removed carefully, and 2 mL of annexin V-binding buffer was added to each well. Then, 200 μL of annexin V-Alexa 488 working solution was added to each well, and the cells were incubated for 15 min at room temperature. The cells were immediately examined with an Olympus IX-60 fluorescence microscope with SPOT digital camera to detect the presence of annexin V-Alexa 488 binding (green fluorescence) to the phosphatidylserine (PS) that translocated from the inner leaflet to outer leaflet of the membrane during the early stages of apoptosis.
Determination of chromatin condensation and fragmentation
MDA-MB-231 cells (2 x 10
4 cells/mL) were seeded in 6-well microplates and grown until the confluency reached 70-80%. After the cells were incubated with 0 or 25 μg/mL γ-tocotrienol for 0-96 hr, they were detached with a commercial non-enzymatic cell dissociation solution (Sigma), washed with PBS, and transferred to glass microscope slides using a Stat Spin Cytofuge. The slides were immersed in fixation solution (10% acetic acid in ethanol) for 30 min, washed with PBS, stained with 1 μg/mL 4', 6-diamidino-2-phenylindole (DAPI), and then examined by fluorescence microscopy to detect the presence of chromatin condensation/fragmentation as a late marker of apoptosis. Basically, 200 cells were randomly selected and scored each time. The cells that showed the late apoptotic feature were counted as a percentage of the total number of cells scored.
Detection of changes in MMP
MDA-MB-231 cells were seeded at 2.5 x 10 5 cells/10 mL in 10 cm petri dishes and grown until the confluency reached 70-80%. After the cells were incubated with 0 or 25 μg/mL γ-tocotrienol for 3 hr, they were stained with Trevigen's DePsipher TM solution (5,5',6,6'-tetrachloro1,1',3,3'-tetraethylbenzimidazolylcarbocyanine iodide) according to the manufacturer's instructions. The stained cells were examined by fluorescence microscopy (Olympus BX-60 fluorescence microscope) and flow cytometry (BD FACSCalibur).
Preparation of whole cell lysates, mitochondrial and cytosolic fractions
The MDA-MB-231 cells were harvested after scraping and then centrifuged at 500 g for 5 min. The pellets were washed with Ca 2+ /Mg 2+ -free Hank's Balanced Salt Solution (HBSS). To prepare whole cell lysates, the final pellets were resuspended in lysis buffer (1 M Tris-HCl, 2.5 M NaCl, 0.1% Nonidet P-40, 1% sodium deoxycholate, 10% SDS, 0.1 mg/mL PMSF, 5 μg/mL aprotinin, 5 μg/mL leupeptin, 0.1 mM dithiothreitol (DTT), and 1% sodium orthovanadate) and left on ice for 30 min. After the cell suspensions were centrifuged at 5000 g for 5 min at 4°, the supernatants were collected and stored at -80°. To prepare mitochondrial and cytosolic fractions [19] , the MDA-MB231 cells were washed with HBSS and resuspended in 700 μL of buffer A consisting of 250 mM sucrose, 20 mM HEPES, 10 mM KCl, 1.5 mM Na-EGTA, 1.5 mM NaEDTA, 1 mM MgCl2, 1 mM DTT, and Complete Protease Inhibitor Cocktail (Roche-Boehringer Mannheim), pH 7.4, and incubated for 30 min on ice. After the cells were disrupted by 50 strokes with a glass Dounce homogenizer/Btype pestle, homogenates were centrifuged at 800 g for 10 min at 4 °. Supernatants were collected and further centrifuged at 22,000 g for 15 min at 4°, and the subsequent supernatants were stored as cytosolic extracts at -70°. The pellets were lysed further in buffer B (50 mM HEPES, 1% Nonidet P-40, 10% glycerol, 1 mM EDTA, 2 mM DTT, and cocktail of protease inhibitors, pH 7.4) and incubated for 20 min on ice. After the cells were centrifuged at 22,000 g for 15 min, the supernatants were stored as mitochondrial extracts at -70°. The protein concentrations of the whole cell lysates as well as mitochondrial and cytosolic fractions were determined by the BCA protein assay according to the instructions from the manufacturer (Pierce Inc.).
Western immunoblotting analysis of cytochrome c, Bax, Bcl-2, and cleavage of PARP protein
Whole cell lysates (25 μg protein) were loaded in separate wells of Novex pre-cast NuPAGE mini-gels (4-12% Bis-Tris) for separation of Bax, Bcl-2, and PARP. Cytosolic and mitochondrial extracts (25 μg protein) were used for the analysis of cytochrome c. The gel-separated proteins were transferred to Hybond HCL nitrocellulose membrane (Amersham), which was then blocked with 3% non-fat milk in 0.1% Tween-PBS for 2 hr. The nitrocellulose membrane was probed with rabbit anti-human Bax, Bcl-2, and PARP polyclonal antibodies (1:5000) or mouse anti-human cytochrome c monoclonal antibody (1:2000) overnight. The membrane was subsequently treated for 1 hr with the secondary antibody, horse radish peroxidase (HRP) conjugated goat anti-rabbit IgG (1:600,000). After placing in a plastic pouch, the membrane was incubated with a chemiluminescent reagent (Pierce SuperSignal WestFemto Maximum Sensitivity Substrate) for 5 min and then examined on a Kodak Digital ScienceTM Image Station 440 CF for densitometric analysis. After densitometry, the nitrocellulose membranes were kept in the plastic pouch overnight. Then, they were removed, washed with 0.1% Tween-PBS, and reprobed overnight with mouse monoclonal anti-β-actin antibody (1:5000). After incubation for 1 hr with the secondary antibody, HRP-conjugated goat polyclonal anti-mouse IgG (1:600,000), the membrane was processed as before. The β-actin was used as a housekeeping protein to normalize the data for Bax and Bcl-2 protein in each sample.
Determination of Bax and Bcl-2 mRNA levels
Total RNA was isolated from the harvested cells by using a QIAGEN RNeasy Mini Kit according to the instructions provided by the manufacturer. Using a QIAGEN OneStep RT-PCR kit and gene-specific primers along with 18S rRNA or β-actin housekeeping gene/competimer sets (Ambion), Bax and Bcl-2 mRNA levels were determined by multiplex relative RT-PCR analysis following the recommendations of both manufacturers. Briefly, 40 μL of RT-PCR master mix containing RNase-free water, 5 x QIAGEN OneStep RT-PCR buffer, QIAGEN dNTP mix, QIAGEN OneStep RT-PCR enzyme mix, RNase inhibitor, and Bax or Bcl-2 primer mixture was added to each tube. Then, 6 μL of β-actin primer:competimer mix (2:8) for Bax or 18S rRNA primer:competimer mix (2:8) for Bcl-2 was added to each tube. Finally, 2 μg of template RNA in RNase-free water was added to each tube followed by mixing. The RT reaction was for 30 min at 50°, followed by 26 PCR cycles (denaturation at 94° for 30 s, annealing at 62° (for Bax) or 60° (for Bcl-2) for 30 s, extension at 72° for 1 min) and a final elongation at 72° at 10 min for both Bax and Bcl-2. The RT-PCR products were analyzed by electrophoresis in 2% agarose gel with ethidium bromide staining. The Bax primer set yielded a PCR product of 415 bp, while the P-actin primer set produced a product of 294 bp. The Bcl-2 primer set yielded a 293 bp product, while the 18S rRNA classic primer set produced a product of 495 bp.
Statistical analysis
Where appropriate, the data were expressed as mean ± standard error and analyzed by the one-way ANOVA Tukey HSD multiple comparison test using the SPSS v9.01 (SPSS Inc.). Differences were considered as significant at P < 0:05.
RESULTS
Morphological signs of apoptosis in y-tocotrienol-treated cells
To see if γ-tocotrienol altered cell morphology indicative of apoptosis, the MDA-MB-231 cells were examined by light microscopy (Fig. 1) . After incubation for 4 hr with 25 μg/mL γ-tocotrienol, the morphology of the cells began changing. That is, the cells became round in appearance and membrane blebbing was seen. After 24 hr, apoptotic bodies and more cellular debris were apparent. To confirm that γ-tocotrienol killed the MDAMB-231 human breast cancer cells, trypan blue dye exclusion analysis was performed to assess viability of cells that were incubated for various times with increasing concentrations of γ-tocotrienol (Fig. 2) . After 24 hr and beyond of being incubated with 10-50 μg/ml γ-tocotrienol, the number of viable cells started to become much noticeably lower, i.e. the number of cells actually dead started to increase.
Increased annexin V-Alexa 488 binding by y-tocotrienol-treated cells
The above results do not adequately establish the occurrence of apoptosis in γ-tocotrienol-treated MDAMB-231 cells. To detect a cardinal early feature of apoptosis, namely, translocation of PS from the inner to outer plasma membrane region, the more definitive annexin V-binding assay was performed on cells after being incubated with 25 μg/mL γ-tocotrienol for 4 hr. The PS that translocates to the outer region of the plasma membrane binds the annexin V conjugated to Alexa 488 fluor, which emits green fluorescence upon excitation [20] . Hence, by comparing the representative photos from fluorescence microscopy ( Fig. 3A and B) , it can be seen that a larger number of the γ-tocotrienol-treated cells (Fig. 3B ) compared to untreated cells (Fig. 3A) bound annexin VAlexa 488. This observation was typical of repeated, separate experiments with the results summarized in Fig.  3C. 
Chromatin condensation and fragmentation in y-tocotrienol-treated cells
To further establish the apoptotic effect of γ-tocotrienol on MDA-MB-231 cells, DAPI staining was performed to detect the presence of condensed or fragmented chromatin, which is a cardinal late feature of apoptosis. As shown by the representative photos ( Fig. 3D and E) , condensed (smaller in size) and fragmented (irregularly shaped remnants) chromatin was more evident in cells after 72 hr of incubation with 25 μg/mL γ-tocotrienol. That is, this late apoptotic feature was present in a larger number of γ-tocotrienol-treated cells relative to the untreated cells, as revealed further by the bar graph data (Fig. 3F). 
Change in MMP in y-tocotrienol-treated cells
Reduction and collapse of MMP that results in mitochondrial permeability transition (MPT) is among the very first intracellular events preceding the execution phase of apoptosis via the mitochondria-mediated death pathway [8, 10] . Moreover, MPT is often associated with the release of cytochrome c from mitochondria to cytosol. To determine if the MMP was reduced in γ-tocotrienol-treated MDA-MB-231 cells, change in the MMP was assessed indirectly by detecting the aggregation of the fluorescence probe, DePsipher TM , in the mitochondria (Fig. 4) . Aggregation of DePsipher TM requires intact MMP, which causes the probe to fluoresce orange-red instead of green as would be the case when DePsipher TM fails to aggregate due to reduced MMP. As shown by the representative photos, the control cells showed more orange-red fluorescence, indicative of the aggregation of DePsipher TM in mitochondrial membrane made possible by intact MMP. In contrast, the γ-tocotrienol-treated cells showed mostly green fluorescence because they were unable to aggregate DePsipher TM due to reduction and collapse of MMP. Moreover, in the example shown, flow cytometry revealed a larger percentage of the control cell population (71%) than the γ-tocotrienoltreated cell population (51%) having orange-red fluorescence (compare UR quadrant values). Conversely, a larger percentage of the γ-tocotrienol-treated cell population (46%) than control cell population (26%) had green fluorescence (compare LR quadrant values). Overall, however, the mean UR quadrant value for control cells was 76:08 ± 5:03 vs. 49:50 ± 9:87 for γ-tocotrienol-treated cells, which was significantly different (P < 0:05). Moreover, the mean LR quadrant value for γ-tocotrienol-treated cells was 47:02 ± 10:34 vs. 21:04 ± 5:62 for control cells, which was significantly different (P < 0:05). Taken together, these data suggested that MPT appeared when MDA-MB-231 cells were treated with γ-tocotrienol, and that this would eventually result in the release of mitochondrial proteins.
Release of cytochrome c from mitochondria into cytosol in y-tocotrienol-treated cells
During the initiation phase of apoptosis via the mitochondria-mediated death pathway, cytochrome c of mitochondria is released into the cytosol as a key event [8, 10] . To determine if this happened in γ-tocotrienoltreated MDA-MB-231 cells, cytochrome c protein levels in both the mitochondrial and cytosolic fractions were determined by Western immunoblotting analysis (Fig. 5A) . As can be seen, cytochrome c in the mitochondrial fraction seemed to start diminishing after just 3 hr, although cytochrome c was not able to be detectable in the cytosolic fraction until the 8-hr time point. Nevertheless, these results suggest that cytochrome c was released from mitochondria into the cytosol as an early step in the mitochondria-mediated death pathway, which triggered the γ-tocotrienolmediated induction of apoptosis.
Effects of g-tocotrienol on PARP, Bax, and Bcl-2
Released cytochrome c has a role in activating downstream caspases, such as caspase-3 [8, 10] . Proteolytic cleavage of PARP (another early marker of apoptosis) is an indication that caspase-3 has been activated since caspase-3 cleaves PARP [14] . Change in the Bax:Bcl-2 ratio is known to regulate the appearance of MPT as well as release of cytochrome c from mitochondria [10] . Thus, it was logical to next determine if PARP cleavage and change in Bax/Bcl-2 expression occurred in γ-tocotrienol-treated MDA-MB-231 cells. As shown in Fig. 5B , intact PARP protein (standard) appeared as a 116 kD band. An 89 kD band, which is known to be the major proteolytic fragment produced from PARP cleavage by caspase-3, was not detectable after cells were treated for either 4 or 8 hr with 25 μg/mL γ-tocotrienol. Moreover, we were unable to find differences at 12, 18, and 24 hr (data not shown).
As can be seen, the expression of Bax and Bcl-2 mRNA (Fig. 6A) and protein (Fig. 6B) did not change in MDAMB-231 cells after being incubated with 25 μg/mL ytocotrienol for broad periods of time. After normalizing these results by densitometric analysis, no significant differences were found (data not shown).
DISCUSSION
It was established previously that tocotrienols, including γ-tocotrienol, inhibit the growth or proliferation of human breast cancer cells [4] [5] [6] . Subsequently, some evidence was provided that tocotrienols can inhibit proliferation of human breast cancer cells by inducing apoptosis [7] . Consistent with this subsequent study, it was confirmed in the present study that γ-tocotrienol decreased the viability of MDA-MB-231 cells, as determined by trypan blue dye exclusion analysis. Thus, the anti-proliferative effect of γ-tocotrienol on MDA-MB-231 cells can be explained largely by its ability to cause cell death likely by inducing apoptosis. Supporting this view, three different standard assays established more definitively that γ-tocotrienol induced apoptosis. First, upon microscopic examination, morphological signs of apoptosis, such as membrane blebbing and presence of apoptotic bodies, were observed in the γ-tocotrienol-treated MDA-MB-231 cell samples. Secondly, the annexin V-Alexa 488-binding assay detected translocation of membrane PS from the inner to outer region of the plasma membrane of the cells, which is an early event of apoptosis. Thirdly, DAPI staining detected chromatin condensation and fragmentation in nuclei, which is a later characteristic feature of cells undergoing apoptosis. Therefore, these current findings substantiate and expand the previous research regarding the possible apoptotic effect of tocotrienols [7] , and thus, prompted examination of mitochondria for involvement in the apoptosis induced by γ-tocotrienol.
Although γ-tocotrienol has substantial antioxidant activity due to its phenolic structure [1, 2] , it is uncertain if this chemical property was directly responsible for enabling γ-tocotrienol to trigger the events leading to apoptosis in MDA-MB-231 cells. Yet, other phenolic phytochemicals with substantial antioxidant activity are also capable of inducing apoptosis in cancer cells [21] . Hence, despite the apparent requirement for reactive oxygen species in mediating apoptosis [22] , phenolic phytochemicals by themselves can induce, rather than prevent, apoptosis in cancer cells. Evidently, phenolic phytochemicals have other properties that enable them to kill cancer cells. Paradoxically, some phenolic phytochemicals can promote the formation of reactive oxygen species in inducing apoptosis [23] . One recent study has suggested that the flavonoid, baicalin, acts as a prooxidant in allowing baicalin to induce apoptosis in Jurkat T-leukemia cells via disruption of mitochondria [24] . Thus, it is possible that exposing MDA-MB-231 cells to γ-tocotrienol created an oxidative cellular environment that triggered the molecular events leading to mitochondrial disruption and apoptosis.
Mitochondria have a central role in apoptosis [25] . Other results in the present study are consistent with the belief that the apoptosis that was induced by γ-tocotrienol in MDA-MB-231 cells involved the mitochondriamediated apoptotic pathway. The mitochondria of γ-tocotrienol-treated cells were disrupted. More specifically, there was reduction of the MMP as indicated by the observation that γ-tocotrienol-treated cells had less ability to aggregate the DePsipher TM fluorescence probe into mitochondrial membrane. Reduction and eventual collapse of the MMP is among the earliest steps during the initiation phase of apoptosis [8] . This step precedes the execution phase of apoptosis where cellular components are dismantled by caspases. Regarding how changes in MMP triggers apoptosis [26] , reduction of MMP is thought to result from opening of an inner mitochondrial membrane channel, i.e. the so-called permeability transition pore. This gives rise to MPT [27] . Hence, the opening allows unequal distribution of ions and respiratory substrates in the inner membrane of mitochondria, with consequent collapse of MMP and arrest of ATP synthesis. Swelling of the mitochondrial matrix follows, leading finally to loss of integrity of mitochondrial outer membrane. In light of these known processes, it is conceivable that γ-tocotrienol somehow triggered the emergence of MPT, leading to eventual disruption of mitochondria in MDA-MB-231 cells.
The reduction of MMP, as detected indirectly with DePsipher TM , in γ-tocotrienol-treated MDA-MB-231 cells suggested the occurrence of downstream events that are characteristic of the mitochondria-mediated death pathway. Several proteins are released from mitochondria into cytosol once the MPT is present. For example, cytochrome c is released, which has important consequences [8, 10] . Along with Apaf-1 and (d)ATP, the released cytochrome c forms a complex called the apoptosome, which subsequently associates with procaspase-9 that then undergoes proteolytic processing. Hence, caspase-9 is formed that activates downstream caspases, including caspase-3, which is the main executioner of cells. Although not all of these steps were examined, the present study showed that cytochrome c was released from mitochondria into cytosol when MDA-MB-231 cells were incubated with γ-tocotrienol to induce apoptosis.
What allows cytochrome c release during apoptosis is unknown, although there are two hypotheses [25] . First, cytochrome c release happens after the outer mitochondrial membrane has been ruptured following collapse of the MMP. Secondly, cytochrome c release occurs when certain Bcl-2-related proteins establish channels in the mitochondrial membrane. Bcl-2 is an anti-apoptotic protein. Moving from the cytosol, it inserts into the outer mitochondrial membrane, thereby preventing cytochrome c release and apoptosis [28, 29] . In contrast, Bax is a pro-apoptotic protein. It is known that translocation of Bax from cytosol to mitochondria can occur after there is a reduction in MMP [30] . Insertion of Bax into the outer mitochondrial membrane triggers the release of cytochrome c [31] , which allows apoptosis to proceed. Therefore, an increased ratio of Bax:Bcl-2 is expected to be associated with apoptosis, based on other studies with human breast cancer cells where apoptosis was induced by certain phytochemicals [32, 33] . To the contrary, neither Bcl-2 nor Bax mRNA and protein expression were changed in MDA-MB-231 cells treated with γ-tocotrienol to induce apoptosis. However, it is unknown whether upstream modulators of Bax, such as tBID (truncated BID) that promotes conformational changes of Bax to permit Bax to insert into the outer mitochondrial membrane [34] , are also unaffected in γ-tocotrienol-treated cells. The translocation of Bax from cytosol to mitochondria was not assessed in the present study. In any event, the current data show that reduction of MMP was detected at an earlier time point (3 hr) than when the release of cytochrome c from mitochondria to cytosol was detected (8 hr) after apoptosis was induced in MDAMB-231 cells by γ-tocotrienol, suggesting that the MMP reduction allowed the cytochrome c release.
According to the traditional paradigm that has been described [10] , after cytochrome c is released from mitochondria, this is followed by activation of caspases, such as caspase-3. As a result, numerous critical intracellular proteins are degraded by caspase-3 during the early stages of apoptosis. For example, PARP (116 kDa), an enzyme involved in DNA repair, can be cleaved by caspase-3 to produce an 89 kDa fragment. In the present study, however, noticeable induction of PARP cleavage was unable to be detected in MDA-MB-231 cells exposed to γ-tocotrienol. Thus, this particular finding does not support the possibility that activation of caspase-3 was involved in γ-tocotrienol-induced apoptosis of MDA-MB-231 cells. As such, the effect of γ-tocotrienol contrasts with that of some other phytochemicals. For instance, genistein has been reported to induce apoptosis in MDA-MB-231 cells that was accompanied by caspase-3 activation and PARP cleavage [35] . Additionally, β-sitosterol induced apoptosis in MDAMB-231 cells that was accompanied by activation of caspases 8 and 9, as well as caspase-3 [36] . It is unknown if caspases 3, 8, and 9 are activated in γ-tocotrienoltreated MDA-MB-231 cells because no direct enzymatic assays were performed. However, in certain conditions with MDA-MB-231 cells, activation of caspase-3 may not actually be a required event for apoptosis to occur [37] . It is known that not all inducers of apoptosis depend on caspase-3 activation in order to cause cell death [38] . Furthermore, induction of apoptosis in MDA-MB-231 cells is not always accompanied by activation of effector and initiator caspases [39] . Although caspase-3 activation is considered a pivotal event in many situations of apoptosis, it has been suggested that apoptosis can also occur in the absence of caspase-3. A study that used MCF-7 human breast cancer cells, which do not express functional caspase-3 [40] , demonstrated that apoptosis induced by neocarzinostatin proceeds via sequential activation of caspases 9, 7, and 6 [41] . Thus, the activation of caspase-3 is not always absolutely necessary for apoptosis to occur.
Taken together, the results imply that cytochrome c is not the critical protein released from mitochondria that triggers γ-tocotrienol-induced apoptosis in MDA-MB-231 cells. In addition to cytochrome c, there is another protein called apoptosis-inducing factor (AIF), which is also released from mitochondria into cytosol during the early stages of apoptosis. AIF is known to directly induce apoptosis independently of caspase-3 [42] , and once AIF is released, it can in turn promote cytochrome c release. Therefore, it is conceivable that the apoptosis in γ-tocotrienol-treated MDA-MB-231 cells was mediated directly by AIF, rather than through cytochrome c release and caspase-3 activation. Nonetheless, it remains unproven that cytochrome c is not involved in γ-tocotrienolinduced apoptosis in MDA-MB-231 cells.
In summary, γ-tocotrienol induced clear features of apoptosis in MDA-MB-231 cells. The apoptosis apparently involved initiation of the mitochondria-mediated death pathway, as suggested by the mitochondrial disruption in which reduction of MMP and release of cytochrome c were both detected. However, activation of caspases and modulation of Bax/Bcl-2 did not seem to be involved in the apoptosis because caspase-mediated PARP cleavage and changes in the expression of Bax/Bcl-2 mRNA and protein were not found.
